Six surface water sources used to wash milking equipment and provide drinking water to the animals on dairy farms in Eastern Ontario were characterized for microbial and physico-chemical characteristics over a 16 month period. The water sources were selected because they had a history of microbial contamination and presented a wide selection of physico-chemical characteristics. Results are discussed with respect to available on-site disinfection technologies. Total and fecal coliforms were detected in over 90% of all water samples, Escherichia coli and Enterococcus spp. in 77%, Clostridium perfringens and Yersinia enterocolitica in about 50%, Campylobacter spp. in 36%, and Salmonella in 25%. For all pathogens, counts were highly variable, and maximum values were 1 to 2 orders of magnitude higher than the medians. On-site disinfection systems will have to be designed to deactivate the highest count of pathogens, thereby providing a conservative safety margin for most of the year. Disinfection technologies will also have to be selected based on physico-chemical characteristics of the water sources, especially the level of hardness, turbidity and UV transmittance which can adversely affect their effi ciency. On some farms, a pretreatment such as coagulation fl occulation will be necessary to make the surface water suitable for low-cost disinfection technologies.
Introduction
Human and animal wastes contain a wide variety of pathogenic bacteria, viruses, and parasites. On farms, undesirable microorganisms can infi ltrate water sources because of defective septic installations, improper manure handling and storage, manure spreading, and wildlife intrusion. In Ontario, 302 rural groundwater wells were sampled in the spring and summer of 1997; 59% of the wells tested positive for fecal coliforms at least once (Conboy and Goss 1999) . Epidemiological studies have shown that farm animals can become infected through the consumption of contaminated drinking water (Faith et al. 1996; Shere et al. 1998; Rice and Johnson 2000; Hancock et al. 2001; Shere et al 2002) . Infected animals can pose a threat to human health. Diseases transmitted through food by zoonotic agents, including infection by Campylobacter, Salmonella, Yersinia enterocolitica, and Escherichia coli, have been reported worldwide (Oliver et al. 2005; Nørrung and Buncic 2008; Castro-Hermida et al. 2009 ).
In barns, infected animals can contaminate the drinking water distribution system (Faith et al. 1996) . Private water supplies, which are rarely disinfected before use, could also be an important source of continuous infection (Ellis-Iversen et al. 2009 ). An intervention program on a boiler farm, which included water chlorination as well as cleaning and disinfecting the water distribution system, reduced the proportion of birds colonized with Campylobacter from 81 to 7%, and was associated with 1,000 to 10,000-fold reductions in recoverable Campylobacter from the carcasses (Pearson et al. 1993) .
Water is also used to clean milking equipment on dairy farms, and could contaminate the raw milk if it contains bacteria. Various monitoring studies have reported the presence of coliforms such as Campylobacter and Salmonella in bulk tank milk (Oliver et al. 2005) . In Ontario, more than 10 and 50% of the water samples from 5421 dairy farms tested positive for E. coli and total coliforms respectively (Perkins et al. 2009 ). The presence of E. coli in the water was linked to an increase in total bacterial count in raw milk. The ability of raw milk to retain its quality during storage has been related to its bacterial content, and in many countries, bacterial content is one of the factors considered in milk payment (Saran 1995) . In addition, pasteurization may not deactivate all milkborne pathogens (Oliver et al. 2005) .
Remedial actions to prevent raw milk contamination include the use of a water supply of drinking water quality to clean milking equipment (Saran 1995) . Accordingly, the Government of Ontario requires that milkhouses be supplied with potable water that is free of pathogens. Some farms must thus be equipped with on-site disinfection treatment systems, and treatment selection will depend on the level of contamination as well as the physico-chemical characteristics of the water. The level of contamination can be especially high in surface water sources, which must be used on a few dairy farms that do not have access to an adequate supply of groundwater. The physico-chemical characteristics of surface water could be challenging for low-cost disinfection technologies.
In this project, the quality of six surface water sources that supply wash water to some dairy farms in Eastern Ontario was monitored over 16 months. The water sources had a history of microbial contamination and presented a wide spectrum of physico-chemical characteristics. Water quality results are discussed with respect to available disinfection technologies for on-site use at dairy farms.
Materials and Methods

Sample Collection
Samples were collected from six surface sources supplying water to six dairy farms in Eastern Ontario. The water sources (Table 1) were selected because (1) they tested positive for total coliforms in the three samples collected annually in the three previous years; (2) they were all in the same geographical region characterized by numerous dairy farms; and (3) they offered a wide range of source types and characteristics (e.g. large rivers versus creek, dark water from a pond versus clear water from a quarry) and thus presented different challenges for the selection of on-site disinfection treatment systems.
The water was sampled from a tap in the milkhouse, before any fi ltration or other treatment at the farm. The outside and inside of the tap was fi rst vaporized with alcohol (70%) and the water was allowed to run for 1 min. A one litre sample was then taken in a sterile bottle containing thiosulfate sodium powder (0.1%). The sample was immediately stored in a refrigerated container and sent within 24 h for microbial analysis. Another one litre sample was collected in a clean bottle, refrigerated, and kept for physico-chemical analyses. 
Sample Analysis
Water samples were analysed for dry matter, suspended solids (SS), turbidity, conductivity, hardness, UV transmittance (UVT), pH, and NO 3 . Turbidity was determined with a Micro T100 Laboratory Turbid Meter (HF Scientifi c, Fort Myers, Fla.). Hardness was measured by the EDTA titrimetric method (APHA et al. 2005) . UVT was determined at a wavelength of 254 nm with a UVT meter (RealTech, Whitby, Ont.). Nitrate-nitrogen was measured with an ion selective electrode (Cole-Parmer, Vernon Hills, Ill.). Dry matter was measured gravimetrically on a 100 mL subsample following drying at 100ºC for 24 h. For SS measurement, 100 mL of water was passed through a 0.45 μm fi lter, which was dried at 100ºC for 24 h. On one sampling day in June 2007, samples were analysed for mineral content with an Inductively Coupled Plasma-Optic Emission Spectrometer (Optima 4300, PerkinElmer) by the Research and Development Institute for the AgroEnvironment (IRDA) laboratory (Québec, Que.).
Water samples were tested for the presence of total and fecal coliforms, Escherichia coli, Enterococcus spp., Clostridium perfringens, Yersinia enterocolitica, Salmonella, and Campylobacter spp. For microbial analyses, samples were prepared by diluting 1:10 (either as 10 g per 90 mL or 10 mL per 90 mL) in sterile sodium metaphosphate (2 g/L) buffer. From this original dilution, a 10-fold dilution series (1:10 to 1:10,000) was prepared for enumeration of pathogenic bacteria. Water samples were enumerated by membrane fi ltration onto indicated media below. Membrane fi ltration involved fi ltration of the sample (0.1, 1, and 10 mL volumes) through a sterile GN-6 membrane (Pall-Gelman, VWR, Mississauga, Ont.), and subsequent plating of the membrane onto the desired media. Total coliforms were enumerated by direct plating onto mEndo-LES agar (Difco, Mississauga, Ont.) and incubated at 37ºC for 18-20 h. Colonies which produced a distinctive metallic green sheen were enumerated as total coliforms (APHA et al. 2005) . Fecal coliforms were enumerated by direct plating onto mFC agar (Difco) and incubated for 18-20 h at 44.5ºC. Colonies producing a distinctive indigo blue colour were enumerated as fecal coliforms (APHA et al. 2005 ). E. coli was enumerated by direct plating onto mFC Basal Medium (Difco) supplemented with 3-bromo-4-chloro-5-indolyl--D-glucuronide (100 mg/L, Med-Ox Diagnostics, Ottawa, Ont.) and incubated for 18-24 h at 44.5ºC. Colonies producing the characteristic blue color indicative of -glucuronidase activity were enumerated as E. coli (Ciebin et al. 1995) . Salmonella was enumerated by direct plating onto XLD agar (Difco) and incubated for 24 h at 37ºC. Colonies which were red with black centers were enumerated, and fi ve presumptive colonies were picked and tested for agglutination using the Rapid Salmonella Latex Kit (Oxoid, Ottawa, Ont.) for confi rmation as Salmonella. Enterococcus spp. were enumerated by direct plating onto m-Enterococcus agar (Difco) and incubated at 37ºC for 48 h. Colonies producing a burgundy colour were enumerated as Enterococci (APHA et al. 2005) . Campylobacter spp. were enumerated by direct plating onto Campylobacter blood-free agar (Oxoid, Ottawa, Ont.) and Campy-Line agar (Line 2001) and incubated under microaerophilic conditions at 42ºC for 48 h using CampyPAK Plus (BBL, Mississauga, Ont.) microaerophilic generators in an anaerobic jar. Presumptive Campylobacter colonies were periodically confi rmed using Campylobacter Latex agglutination test (Oxoid, Ottawa, Ont.). Yersinia enterocolitica were enumerated by direct plating onto CIN agar (Difco) and incubated for 18 h at 30ºC. Colonies which were less than 2 mm in diameter and formed a red bulls-eye were considered presumptive colonies for Y. enterocolitica. Periodically presumptive positive colonies were confi rmed using LAIA agar (Weagant 1983) . Clostridium perfringens was enumerated on mCP agar (Med-Ox Diagnostics, Ottawa, Ont.) incubated at 44.5ºC for 24 h. Yellow colonies with a yellow halo and which turned magenta after exposure to ammonium hydroxide fumes were enumerated as presumptive C. perfringens (APHA et al. 2005) . 
Data Analysis
Pathogen counts (Colony Forming Unit (CFU)/100 mL) were not normally distributed. Spearman rank order correlation coeffi cients (r s ) were determined using SAS (Statistical Analysis System, Release 9.1, 2002) on pooled data (all sources) and on individual water sources to evaluate correlations between the pathogens. Average, standard deviation, median, maximum, minimum, and frequency of detection are presented for each individual water sources (Table 2) .
Physico-chemical parameters, except total solids, hardness and pH, were not normally distributed. Spearman coeffi cients were calculated on pooled data (all sources) and on data from individual water sources to evaluate correlation between the various physicochemical parameters as well as between the parameters and pathogen concentrations. Average and standard deviation of physico-chemical parameters are presented for each individual source (Table 4) .
Results and Discussion
Precipitation
Total precipitation and average height of snow on the ground registered at a weather station situated about 60 km west of the sampled sources are presented in Fig. 1 . July and August 2007 were particularly wet, with 139 and 107 mm of precipitation respectively, compared to respective 30 year averages of 91 and 87 mm. In July 2007 the sources were sampled 4 days after an important rainfall event of 68 mm in 24 h. The water sources were also sampled during and after the rapid spring thaw of 2008 (on March 31 and April 15 respectively). Table 2 presents pathogen counts in the surface water sources over the 16 month sampling period. Total coliforms were detected in all samples from the Creek and the Pond, and in 96, 87, and 77% of the samples from both Rivers, the Spring, and the Quarry, respectively. The sampling period was not long enough to test seasonal effect as it included only one winter and one fall period. However, total coliforms were detected in all summer samples. For fi ve out of six sources the maximum total coliform counts were measured in samples collected during the summer. For all water sources average total coliform concentration was considerably higher than the median value, because of a few very high occurrences ( Table 2 ). The maximum concentrations were one to two orders of magnitude higher than the median value. Disinfection treatment technologies at the farm will have to be designed to deactivate the maximum bacterial counts. The systems will thus be over-designed for most days of the year, providing a conservative safety margin.
Microbiological Characteristics
Fecal coliforms were detected in 95% of the samples that tested positive for total coliforms. Four samples tested positive for fecal but not total coliforms, but the number of colonies was at the detection limit of 4 CFU/100 mL. Table 3 presents Spearman rank correlation coeffi cients (r s ) between the various bacteria (all 136 samples pooled). Total and fecal coliforms were signifi cantly correlated (r s = 0.91), and the correlation was signifi cant for all individual water sources (r s between 0.78 and 0.95).
Enterococcus spp. and E. coli were the most frequently detected bacteria. They were present in 76 and 78% of all samples, respectively (Table 2 ). Enterococci and E. coli were correlated with each other (r s = 0.66), as well as with total coliform and fecal coliform (Table  3) . Correlation coeffi cients were higher than 0.5 for all individual sources, except for the Quarry which often had lower bacterial counts and detection frequencies.
Clostridium perfringens was detected in approximately 70% of the samples from River SN and the Pond, and in about one third of the samples from the other sources. C. perfringens was found to be a reliable indicator of animal as opposed to human fecal contamination (Conboy and Goss 2001) . Correlation coeffi cients between C. perfringens and the previously discussed bacteria ranged from 0.20 to 0.27 (Table 3) . Wilkes et al. (2009) also reported strong correlation between total coliform, fecal coliform, E. coli, and Enterococcus spp., but weaker correlations between C. perfringens and the four bacterial groups.
Campylobacter spp. and Salmonella were the least frequently detected bacteria, with counts in 25 and 36% of all samples, respectively. In 2004-2005, Campylobacter spp. was the leading cause of enteric food and waterborne disease in Canada (St-Pierre et al. 2009 ), while Salmonella and Campylobacter spp. were the most frequently reported zoonotic transmitted diseases in humans in the EU (Nørrung and Buncic 2008) .
Campylobacter spp. was consistently correlated with C. perfringens with r s ranging from 0.20 and 0.40 for individual farms, and 0.36 globally (Table 3) . However, there was no apparent correlation between Salmonella and any of the other bacteria.
Yersinia enterocolitica was detected in about 50% of the samples. Y. enterocolitica is a psychrotrophic organism that can survived for extended period at reduced temperature as low as 4ºC (Guan and Holley 2003) . Its presence could thus be problematic for refrigerated food, such as raw milk. Overall, Y. enterocolitica was weakly correlated to C. perfringens and Campylobacter spp. (Table 3 ), but the correlation was not consistent over all individual water sources. Four samples tested positive for Y. enterocolitica but not for total and/or fecal coliforms. Y. enterocolitica concentration in the four samples was low and close to the detection limits (4, 4, 8 and 44 CFU/100 mL). One of these samples also tested positive for E. coli. All other samples that tested positive for a specifi c pathogenic bacteria also tested positive for fecal and/or total coliforms. However, total and fecal coliform counts may not be suffi cient to assess the presence of pathogens in surface water sources in agricultural area. Wilkes et al. (2009) found that E. coli was the most useful indicator of parasites and pathogens in surface water from the South Nation basin in Eastern Ontario, closely followed by fecal coliforms, and to a lesser extent by enterococci and total coliforms. It may also be necessary to measure a broader range of pathogens after on-site disinfection treatment, since some pathogens, such as C. perfringens, are known to be resistant to disinfection treatments such as UV (Gilboa and Friedler 2008) , ozonation (Xu et al. 2002) , and chlorination (Venczel et al. 1997 ).
Physico-Chemical Characteristics and Water Treatment Challenges
The physico-chemical characteristics of the six surface water sources are presented in Table 4 . Water hardness was moderate (50-150 mg CaCO 3 /L) (Tchobanoglous and Schroeder 1987) for all sources, except River SN, which had hard water (150-300 mg/L). Hardness and conductivity were signifi cantly correlated (r s = 0.92), since some ions (Ca ++ and Mg ++ ) are included in both measurements. High hardness is linked to problems such as calcium and magnesium carbonate precipitation in pumps and water distribution systems. These deposits can become reservoirs for bacteria embedded in biofi lms. Additionally, high hardness could be problematic for UV systems, because precipitated MgCO 3 and CaCO 3 foul lamp sleeves and diminish the amount of radiation that can reach the water (Lin et al. 1999) . A UV technology that includes a self cleaning device or frequent sleeve cleaning may be advisable for dairy farms.
Turbidity and SS were the two parameters presenting the highest variations. Turbidity is often taken as an indicator of SS, and both parameters were highly correlated when data from all sources were pooled (r s = 0.85) and for four individual sources (r s ranging from 0.64 to 0.85). There was no consistent correlation between rainfall event and turbidity. Only River O presented large turbidity peaks following the 68 mm rainfall in July 2007 and during the rapid spring thaw of 2008, which were respectively 5.7 and 7.9 times higher than the median value. High turbidity and SS will affect most disinfection systems. Particulates can shield bacteria from UV radiation. They contribute to membrane fouling, and most membrane technologies for water disinfection require turbidity to be around 1 NTU. This low level of turbidity was only measured in the water from the Quarry and the Spring, although both sources had peaks exceeding this value. High turbidity will also be problematic for oxidizing technologies, such as ozonation or chlorination, because it will increase required doses and thus cost. A pretreatment, such as coagulation-fl occulation, may be required to prepare these surface waters for disinfection.
Average UVT ranged from a high value of 92.9% in the Spring water to a low of 1.1% in the Pond. The Pond was dug in a bog area and may have contained high dissolved organic matter (DOM) concentration. UVT is often used as an approximation of DOM, with low UVT indicating high concentrations of DOM (Annadurai et al. 2004) . UVT is also affected by iron concentration, since UV radiations at 254 nm are strongly absorbed by iron ions in water (Savoye et al. 2001) . UVT was negatively correlated to turbidity when data from all sources were pooled (r s = -0.92) and for individual sources (r s ranging from -0.42 to -0.70). Water with high iron concentration (Table 5) , such as at the Pond and the Creek, tended to have a lower UVT. Many commercial UV lamp technologies recommend a UVT above 50% (e.g. UV Pure Upstream™ NC15-50) or 75% (e.g. TrojanUVMax™ Pro Series Model 20) for effi cient disinfection, which was the case for the Quarry and the Spring water only, while the water from River O was at the lower allowable limit. High concentrations of organic matter will also increase ozone requirements and favour the formation of carcinogenic trihalomethanes when chlorination is used.
Nitrate-N concentration was highly variable for most water sources, but it was always lower than the Ontario drinking water standard of 10 mg NO 3 -N/L (Government of Ontario 2006). There was no consistent correlation between any of the other parameters and NO 3 concentration. For most sources, there was a peak in NO 3 concentration that was between 1.2 and 3.6 higher than the median values during the spring thaw of 2008.
For two of the water sources -the Creek and the Pond -there was a correlation between SS concentration and counts in total and fecal coliforms (r s = 0.85). However, analysis did not indicate easily measurable parameters, such as UVT or turbidity, which could be used to predict the microbial quality of the water sources.
Conclusions
Six water sources supplying water to dairy farms in Eastern Ontario were characterised for microbial and physico-chemical characteristics over a 16 month period. The water sources were selected because they had a history of microbial contamination and presented a wide variety of physico-chemical characteristics. Total and fecal coliforms were detected in over 90% of all samples, and maximum values were 1 to 2 orders of magnitude higher than the medians. On-site disinfection technologies at the farm will have to be designed to treat the highest bacterial count, thereby offering a large safety margin for most of the year. Only 4 of the 136 samples tested positive for one pathogenic bacteria (Y. enterocolitica) and negative for total or fecal coliforms.
Disinfection systems will also have to be selected based on the physico-chemical characteristics of the individual water sources, such as hardness, UVT, and turbidity. Some surface water sources may require a pretreatment, e.g. coagulation-fl occulation, to make the water suitable for low-cost disinfection technologies.
